A critical issue in structural genomics, and in structural biology in general, is the availability of high-quality samples. The additional challenge in structural genomics is the need to produce high numbers of proteins with low sequence similarities and poorly characterized or unknown properties. 'Structural-biology-grade' proteins must be generated in a quantity and quality suitable for structure determination experiments using X-ray crystallography or nuclear magnetic resonance (NMR). The choice of protein purification and handling procedures plays a critical role in obtaining high-quality protein samples. The purification procedure must yield a homogeneous protein and must be highly reproducible in order to supply milligram quantities of protein and/or its derivative containing marker atom(s). At the Midwest Center for Structural Genomics we have developed protocols for high-throughput protein purification. These protocols have been implemented on AKTA EXPLORER 3D and AKTA FPLC 3D workstations capable of performing multidimensional chromatography. The automated chromatography has been successfully applied to many soluble proteins of microbial origin. Various MCSG purification strategies, their implementation, and their success rates are discussed in this paper.
Introduction
In the past two and a half years, the NIH funded Protein Structure Initiative (PSI) pilot projects have been developing a protein structure determination pipeline [1] [2] [3] [4] [5] [6] [7] capable of producing large numbers of protein samples for structural biology applications. One of the main objectives of the PSI pilot projects is to develop technologies for production of proteins in milligram quantities reliably, reproducibly, quickly, and at low cost.
For crystallography applications the resulting protein samples must be compatible with the crystallization process. The protein in the sample must be folded and soluble, as well as chemically, conformationally, and functionally homogeneous. The sample must be free of critical contaminants that may degrade, denature, destabilize, or modify protein or interfere with crystallization or structure determination. Protein purity of >95% is typically required. Protein samples must be stable during crystallization trials, suitable for incorporation of heavy atoms to aid structure determination, and functionally relevant. The quantities of proteins in the samples must allow achieving protein concentrations in the range of 5-25 mg/ml, testing 200-500 crystallization conditions, growing X-ray-quality single crystals, establishing cryoconditions, and producing rational heavy atom derivatives for structure determination. These criteria put certain restrictions on the methods and procedures of sample preparation.
The MCSG (www.mcsg.anl.gov) has developed standard operating procedures for protein purification that make protein samples suitable for automated structure determination using synchrotron-based X-ray crystallography. These standard operating procedures are based on the following principles:
• All proteins are expressed as a fusion with a uniform, cleavable affinity tag and protected against proteolysis with several protease inhibitors.
• Proteins are purified using affinity chromatography followed by buffer-exchange chromatography, to promote protein solubility and efficient tag removal.
• The affinity tag is cleaved off by a specific tagged protease.
• The protein is further purified using affinity chromatography followed by buffer-exchange chromatography compatible with protein concentration and crystallization methods. In the MCSG approach (Figure 1 ), protein samples can be obtained that are free of contaminants, including the majority of background proteins, tagged protease, affinity tag, and other low-molecular-weight contaminants, as well as uncleaved target protein.
The MCSG standard purification procedures have been implemented on the automated robotic chromatographic platforms AKTA EXPLORER 3D and AKTA FPLC 3D (Amersham Biosciences) and successfully applied to more than 250 soluble proteins of microbial origin. MSCG is in the process of expanding the approach to well-expressed but insoluble proteins [8] and membrane proteins [9] .
Materials and methods

Cloning and expression
The proteins were cloned in pMCSG7 vector [10, 13] and expressed in Escherichia coli BL21(DE3)-Gold (Stratagene) harboring a plasmid encoding three rare tRNAs [2, 5, 11, 12] . The pMCSG7 vector creates a construct with cleavable His 6 -tag fused into the N-terminus of the target protein. The pMCSG7 construct bearing a TEV protease cleavage site adds three artificial residues (SerAsnAla) on the N-terminus of the target protein. Target proteins were expressed at the scale of 2 L of low-density culture or 250 mL of high-density culture [14] .
Basic protein purification protocol
Isolated cell pellets were resuspended in five volumes of the lysis buffer containing 50 mM HEPES 8.0, 500 mM NaCl, 10 mM imidazole, 10 mM ␤-ME and 5% glycerol (buffer A) and inhibitors of proteases (Sigma, P8849) and incubated for 30 min on ice with lysozyme (Sigma) at 1 mg/ml followed by the sonication (6 ϫ 30 s, on ice). All samples were clarified by centrifugation at 30,000 ϫ g (RC5C-Plus centrifuge, Sorval) for 20 min followed by filtration through 0.4 µm and 0.22 µm in-line filters (Gelman). 
IMAC-I and buffer exchange steps
All chromatography experiments were performed at 4 ºC. Crude extracts of six proteins (typically 15-50 mL) were applied by the sample pump (flow rate 1 mL/min) sequentially onto six 5-mL HiTrap chelating HP columns charged with Ni ϩ 2 . The columns were washed with 10 column volumes (CV) of buffer A, followed by 15 CV of buffer A containing 20 mM imidazole (flow rate 5 mL/min). Each protein was first eluted to a 10-mL loop with buffer A containing 250 mM imidazole (flow rate 2 mL/min), then applied to a HiPrep 26/10 desalting colum pre-equilibrated with buffer A. Just prior to injecting protein onto the desalting column, 2 mL of 5 mM EDTA in buffer A was injected onto the desalting column to create a slow-moving EDTA zone on the desalting column and sequester any Ni ϩ 2 ions released from the chelating column. The buffer exchange step was run at a flow rate of 8 ml/min.
The desalting column was washed and re-equilibrated prior to the next purification cycle. The tubing and loop were washed between chromatography steps to avoid cross-contamination. The final peak fractions and all solutions that could contain target protein were collected.
Throughout the purification process, several parameters, including UV absorbance, pressure, flow rate, pH, and ionic strength, were monitored and logged ( Figure 2 ). All fractions were analyzed and documented and all data stored in a single results file.
The purification processes in this experiment took 12-15 h for six proteins, depending on the initial sample volumes. The chelating columns were recycled four to five times using an automated procedure by metal stripping with 50 mM EDTA and charging with 100 mM NiSO 4 .
IMAC-II and buffer-exchange steps
Proteins purified with IMAC-I and buffer exchange were treated with the His 7 -tagged TEV protease to remove the His 6 -tag for 16-24 h at 4 ºC following the basic protocol (see above). Cleavage was monitored by SDS-PAGE and Coomassie Brilliant Blue R (Amersham Biosciences) staining. After the cleavage, the reaction mixture containing target protein (cleaved and some uncleaved), His 7 -tagged-TEV protease and His 6 -tag was applied to a 1-ml chelating affinity column and the column was washed with 3 CV of buffer A. All chromatographic steps were performed at 22 ºC. The column flow-through and wash fraction was first collected onto a 20-mL loop and then applied to a customized desalting column Sephadex G-25 fine XK 26/20 equilibrated with storage buffer containing 20 mM Tris/HCl 7.5, 500 mM NaCl, and 2 mM DTT. Protein was eluted with storage buffer, protein peaks were collected in 2-mL fractions ( Figure 3 ) and analyzed by the SDS-PAGE stained with Coomassie Brilliant Blue R (Figure 4) . Purification of six proteins takes about 9 h. The 1-mL chelating columns were recycled four to five times using the automated procedure described above.
Protein characterization
We have used several methods to characterize protein samples. Table 1 indicates the method(s) used for the various aspects of protein characterization.
Protein concentration and storage
All proteins were concentrated with Centricon Plus Centrifugal Filter Units (Millipore), using molecular weight cutoff as recommended by the manufacturer. All proteins were flash frozen in ϳ 50 µL aliquots in liquid nitrogen temperature in the storage buffer and stored in an LS6000 liquid nitrogen storage system (Taylor-Wharton) for an extended period of time.
Results and discussion
Proteins encoded by microbial genomes represent a highly diverse population of amino acid sequences. As a result, these proteins are highly dissimilar in Bound ligands UV/Vis spectrometry their properties, making design of standard purification protocols a rather challenging undertaking. To address the protein diversity issue, a common affinity marker can be attached to all proteins that allows selective purification of tagged protein from crude extracts using single-step affinity chromatography. The affinity tag should be unique, accessible, and preferably small, have high capacity to bind to a matrix and excellent conditional affinity (ON/OFF binding), and should be low cost. The His 6 -tag and its variants appear to meet all of these criteria and are highly effective for protein purification [16] . However, the His 6 -tag-based approach still has a few drawbacks such as, not all proteins can be labeled with His 6 -tag on their N-or C-terminus, the tag may interfere with protein folding or oligomerization, and the tag may be inaccessible or lead to protein aggregation [17] .
Protein expression system for automated purification
As a precondition to establishing generic standard operating procedures for automated protein expression, we focused on selecting:
• Proper expression construct, with high level of target protein expression and solubility.
• Effective protease for tag removal.
• A buffer system that would promote the solubility of most proteins.
• Chromatography media and hardware. We tested several different affinity tags, proteases, and buffer conditions with multiple target proteins for their efficiency and adaptability to the structural genomics pipeline. Five constructs containing His 6 -tag and His 6 -S-tag and different proteolytic sites were used for target protein expression:
• pET15b (His 6 -tag -thrombin site) [18] • pET30LIC (His 6 -thrombin site-S-tag -factor Xa site) [19, 20] • pMCSG3 (His 6 -tag -factor Xa site) [unpublished] • pProEX (His 6 -tag -TEV protease cleavage site: ENLYFQ ↓ G) [21] • pMCSG7 (His 6 -tag -TEV protease cleavage site:
ENLYFQ ↓ S) [10, 13] We found the pMCSG7 vector (a derivative of pET vector) to be most compatible with our standard operating procedures [10] .
Three proteases (human thrombin, factor Xa from bovine plasma, and recombinant TEV protease) were tested for efficiency of tag removal using a standard protocol. Parameters evaluated were: efficiency of tag cleavage, level of nonspecific cleavage, optimum temperature, and fraction of successfully processed proteins. Our results show that TEV protease is most suited for MCSG targets (Table 2) . TEV protease offers several advantages:
• It is highly specific, recognizing a seven-aminoacid sequence.
• It shows virtually no nonspecific proteolysis of target proteins.
• It is active under a wide range of conditions, including low temperature (4 ºC), broad range of pH, and high ionic strength [22] .
The TEV protease expressed from the vector pRK508 carries noncleavable His 6 -tag and can be removed from protein samples by IMAC. Moreover, TEV protease was highly effective at removing His 6 -tags for more than 96% of tested MCSG target proteins. TEV protease failed completely in only a few cases ( Table 2) .
Platform for automated multidimensional chromatography
MCSG collaborated with Amersham Biosciences to adapt the AKTA Explorer 100A for multidimensional automated chromatography needs. The complete AKTA EXPLORER 3D system consists of the AKTA Explorer 100A, UNICORN software version 4.0 or higher, sample pump P-950, fraction collector Frac-950, a 3D kit that allows attachment of multiple columns and loops, multi-channel UV/Vis spectrometer, two sample loops, and an air sensor.
The AKTA EXPLORER 3D system executes a series of commands to perform automated purification and sample collection. The sample pump includes an in-line air sensor that allows unattended direct loading of crude protein extracts. The system is capable of purifying up to seven protein samples. Samples are loaded serially on (1) up to seven singlestep IMAC columns, (2) up to six IMAC columns, each followed by a buffer-exchange chromatography step, or (3) up to five IMAC columns, followed by buffer-exchange chromatography and another chromatographic step. In between chromatographic steps, the samples are stored in sample loops (10 mL and 20 mL). Automated peak detection allows collection of target protein peaks and other relevant fractions into appropriate loops or in the fraction collector. AKTA FPLC is similarly outfitted for multidimensional chromatography (AKTA FPLC 3D).
Using UNICORN software, we have developed several methods for automated protein purification, as well as for automated charging of chelating columns that utilize the chemistry of metal stripping followed by recharging of the matrix with Ni problems with leaching of Ni ϩ 2 during purification have been addressed (see Materials and methods).
Large-scale evaluation of purification protocol
The strategy for automated protein purification is outlined in Figure 1 . Using steps 1 and 2, a large number of His 6 -tagged proteins (24-30 per week) can be produced on a scale of 20-200 mg and 85-90% purity for well-expressed, soluble proteins (Figures 2 and 4) . These proteins are suitable for initial crystallization screening. However, the level of impurities and the presence of the His 6 -tag may affect protein stability, solubility, and aggregation, thereby affecting the protein's ability to crystallize and reducing the quality of crystals (as discussed earlier). The use for crystallization screening of such samples is recommended only when the protein yield is very low. Typically, the initial screening of crystallization conditions leads to crystals in about 25% of such protein samples.
Including additional purification steps -tag cleavage by TEV protease and IMAC-II followed by buffer exchange -resulted in much higher quality protein samples, typically 95-98% pure.
In some cases, persistent contaminants must be removed by additional chromatography (ion exchange or/and gel filtration) to improve purity and crystal quality. Figure 5 shows the distribution of protein yield for 253 proteins purified using the process described in this paper and summarized in Figure 1 .
Conclusions
We and others have shown that the automation of protein chromatographic steps is feasible using commercially available products [23] . The MCSG automated protein purification process has been tested using manual approaches to evaluate various purification steps' reliability, robustness, cost, and labor savings. The process has since been ported to the robotic workstation, and the resulting purification data have been deposited using manual and automated entry into the MCSG Protein Purification Database and integrated with the central MCSG repository for public access (www.mcsg.anl.gov).
Among the many chromatographic workstations currently available, the AKTA EXPLORER 3D workstation from Amersham Biosciences could best accommodate our protocols with respect to multiple column steps, extract volumes, protein yields, flow properties, buffer compatibility, cold-box operations, and data management. The AKTA EXPLORER 3D system provides up to eight column slots, one of which is used for a bypass, and two loops, where the intermediate protein-containing solutions are held between the two chromatographic steps.
The system offers several advantages. Its multitasking capabilities allow for simultaneous applications and pump washes. All chromatographic steps are run under optimal conditions, purifications are highly reproducible (Figures 2 and 3) , and protein exposure to air is limited. The software offers high flexibility; for example, purification can be run manually or in automated mode by programs (method scripts).
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